Background: Leukocytes adhere to solid surfaces, such as capillary beds, during inflammation. Results: A new molecular mechanism with PLD-derived PA that acts on Arp explains cell adhesion. Conclusion: PLD and PA are key players in a reciprocal activation of actin dynamics. Significance: A prolonged process counteracts the reversible, beneficial nature of adhesion, leading to chronic inflammation.
Phosphatidic acid is a key lipid second messenger that mediates many crucial leukocyte-mediated cellular functions relevant to human health (embryological development, tissue repair, and immune surveillance/function) and pathology (vascular disease, chronic inflammatory diseases, and cancers), such as cell adhesion, migration, membrane remodeling, vesicular trafficking, and cell polarization (1) . Defining and characterizing the molecular targets of PA in dependent leukocyte signaling networks will help to explain its role in these important cell functions.
Cell adhesion involves actin polymerization during embryogenesis, general maintenance of tissue architecture, inflamma-tion, and tissue repair (2, 3) . Cells can adhere to either other cells (e.g. leukocytes to endothelium) or to immobilized substrates, such as the extracellular matrix, and these processes are mediated by specific molecules on the cell membrane: cadherins and integrins, respectively. Integrins play a fundamental role when leukocytes exit the capillary bed and begin moving toward an invading pathogen. This leads to actin polymerization and the formation of lamellipodia and the initiation of membrane ruffling. Focal adhesions at the leading edges of lamellipodia give the cell enough traction to pull itself toward the chemoattractant. PLD 2 has been demonstrated to be important for cell adhesion and migration (4, 5) . However, the mechanism behind the role of PLD in promoting cell adhesion is not clearly understood.
The Arp2/3 (actin-related proteins 2/3) complex is critical for the actin cytoskeleton to both control nucleation of actin polymerization and to form networks of branched actin in response to a variety of cellular stimulants (6) . Two actin-related proteins, Arp2 and Arp3, and five additional subunits, ARPC1-5, form the Arp2/3 complex. Nucleation-promoting factors, such as the Wiskott-Aldrich syndrome protein (WASp) family (7) , are responsible for signaling between Rho GTPase proteins (e.g. Cdc42, Rho, and Rac) and the Arp2/3 complex during actin polymerization (8) . An activated WASp-Arp2/3 complex begins actin arborescent polymerization by creating multiple branch points that grow on the initial actin and form a functional actin cytoskeleton (9) . This complex is involved in the establishment of cell polarity, found in macropinocytic cups in the leading edge of motile cells (lamellipodia) and in phagocytosis and wound healing (10) .
Although Arp2/3 plays a central role in cell migration, the importance of Arp2/3-specific activation in the initial steps of leukocyte adhesion to solid surfaces (e.g. capillary beds) has not been examined to date. We present here a new concept in cell signaling with PLD and its enzymatic product, PA, that binds to the cellular motility machinery (chiefly Arp3) and leads to actin polymerization.
The two PLD mammalian isoforms (PLD1 and PLD2) play a concerted role in enhancing adhesion at differential temporal levels. This is important to establish a transient adhesion-depolymerization in the physiological context of inflammation. If this is deregulated, it could become a contributing cause of prolonged, chronic inflammation and its related diseases.
MATERIALS AND METHODS
Reagents-Low bicarbonate Dulbecco's modified Eagle's medium (DMEM) was from ATCC (Manassas, VA); Mirus Ingenio transfection reagent was from Mirus (Madison, WI); ECL reagent was from GE Healthcare; phalloidin-Alexacells were immediately plated in 6-well platesFluor350 was from Invitrogen; DAPI, crystal violet, collagen, vitronectin, laminin, and fibronectin were from Sigma-Aldrich; macrophage colonystimulating factor (M-CSF), MIP-1, MCP-1, and fetal calf serum were from Gemini-Bio Products (West Sacramento, CA; and [ 3 H]butanol was from American Radiolabeled Chemicals (St. Louis, MO). Inhibitors used in this study were as follows:
Bristol, UK). The plasmids used in this study were as follows: pcDNA3.1-mycPLD2-WT, pcDNA3.1-mycPLD2-K758R, pCMV2-HAPLD1-WT, phCMV2-HAPLD1-K830R, pEGFP-N1-ACTR3 and Arp3-pmCherryC1 (both from Addgene.com), and pEGFP-Spo20PABD-WT.
GFP-based PA Sensor-Sporulation-specific protein 20 (Spo20) is a yeast protein required for the fusion of exocytic vesicles with the plasma membrane during yeast sporulation through its interactions with the SNARE complex (11) (12) (13) , which contains an inhibitory region that sequesters the protein in the nucleus (13, 14) and a positive regulatory region that binds to phospholipids (especially PA) in the cell membrane, termed the PA binding domain (PABD). Cloning of the PABD into the pEGFPC1 vector, leading to pEGFP-Spo20PABD-WT, for use in microscopy of mammalian cells has been described (15, 16) .
Cell Culture and Transfection of Macrophages-Murine RAW264.7/LR5 macrophages were from Dr. Dianne Cox (Albert Einstein School of Medicine Yeshiva University, New York) and were initially characterized by her (17) and were maintained in low bicarbonate Dulbecco's modified Eagle's medium in a humidified, 5% CO 2 incubator. Viability assays were routinely conducted with 0.4% trypan blue stain in cell preparations prior to all analyses and were Ͼ95%. Cells were ultimately resuspended in DMEM, 0.1% BSA at a concentration 1.5 ϫ 10 6 cells/ml for use in chemotaxis assays. A Mirus-derived transfection protocol using the Ingenio reagent and electroporation was used to transfect plasmid DNAs into RAW264.7/LR5 mouse macrophages. When transfection was completed, cells were immediately plated in 6-well plates (non-tissue culture-treated plastic) in prewarmed RPMI-based medium supplemented with 20% FCS. Cells were cultured at 37°C, 5% CO 2 for 36 h to allow for maximum protein expression. Optimal protein expression was observed for 36 -48 h post-transfection as verified using Western blot analyses of stimulated lysates.
Cell Adhesion-Cell adhesion experiments were performed on coverslips that were coated with collagen. For collagen coating, 10 g/ml collagen in 20 mM acetic acid was prepared from the stock of 5 mg/ml collagen in 20 mM acetic acid. Coverslips were placed in 6-well plates, and 1 ml of collagen was added to each well and incubated at 37°C for 1 h, after which collagen was aspirated, and the coverslips were gently rinsed with distilled water and air-dried. For the cell adhesion experiment, cells were harvested by trypsinization, counted, and resuspended in serum-free DMEM with 0.1% BSA and 3 nM MCP-1. Cells were plated on to the collagen-coated coverslips at a concentration of 5 ϫ 10 4 cells/ml and incubated in 5% CO 2 at 37°C for specific time points. The cell suspension was aspirated, and 4% paraformaldehyde was added and incubated for 10 min at room temperature to fix the cells that were adhered. Cells were stained with hematoxylin.
Alternatively, instead of using a chemoattractant, such as MCP-1, for cell stimulation during adhesion assays, a phospholipid was used, specifically 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) from Avanti Polar Lipids (Alabaster, AL). It has been demonstrated that the mitogenic properties of PA are dependent on both its chain length and saturation (18) . Long saturated fatty acid-containing PA is more mitogenic than PA with short saturated fatty acids (18) . Similarly, the acyl composition of PA determines its binding abilities to the protein phosphatase 2C, with DOPA being more effective (19) . DOPA was initially prepared in 0.5% fatty acid-free BSA in PBS at an initial concentration of 1 mM and sonicated to obtain unilamellar vesicles (20) . BSA was used as the lipid carrier (21, 22) . Ultimately, cells were stimulated with 0, 3, 10, 30, 100, 300, 1000, and 3000 nM concentrations of DOPA in serum-free DMEM with 0.1% BSA for ϳ15 min during adhesion for dose-dependent adhesion assays or with 300 nM DOPA in serum-free DMEM with 0.1% BSA for time-dependent adhesion assays.
PLD Activity Assay-Immunocomplex samples were processed for PLD2 activity in PC8 liposomes and n-[ 3 H]butanol beginning with the addition of the following reagents (final concentrations): 3.5 mM PC8 phospholipid, 45 mM HEPES (pH 7.8), and 1.0 Ci n-[ 3 H]butanol in a liposome form, as indicated (23) . Samples were incubated for 20 min at 30°C with continuous shaking. The addition of 0.3 ml of ice-cold chloroform/methanol (1:2) stopped the reactions. Lipids were then isolated and resolved by thin layer chromatography. The amount of [ 3 H]PBut (phospho-butanol) that co-migrated with PBut standards was measured by scintillation spectrometry.
Detection of Polymerized Actin-RAW264.7 cells were transfected using plasmid DNA (if needed) and were plated onto coverslips placed into 35-mm tissue culture dishes. Eighteen h post-transfection, cells were fixed onto the coverslips using 4% paraformaldehyde for 10 min at room temperature. Cells were permeabilized using 0.5% Triton X-100 in PBS for 10 min at room temperature. Cells were blocked for 4 h at room temperature using 10% fetal calf serum in PBS and 0.1% Triton X-100 (PBS-T), washed three times with PBS-T for 5 min each, and then probed overnight at 4°C in a 1:1000 dilution of rabbit ␣-Myc-TRITC antibody (specific for Arp3) (Santa Cruz Biotechnology, Inc.) ( Fig. 6 ) in blocking buffer. Coverslips were again washed three times with PBS and then incubated in a 1:200 dilution of phalloidin-AlexaFluor350 in PBS for 2 h at room temperature. Slides were kept in the dark until needed and were viewed using a Nikon Upright Eclipse 50i tissue culture microscope; a Plan Fluor ϫ100/1.30 oil objective; and FITC, TRITC, or DAPI fluorescence filters. Photomicrographs were obtained using a Diagnostics Instruments Spot 6 digital camera and MetaVue software.
For imaging of polymerized actin in macrophages (Figs. 3 and 4), coverslips were incubated in a 1:200 dilution of phalloidin-TRITC in PBS for 2 h at room temperature, washed as previously stated, and then incubated in a 1:2000 dilution of DAPI in PBS for 5 min at room temperature.
For imaging of overexpressed PLD1 or PLD2 in macrophages ( Fig. 5 ), coverslips were incubated in a 1:200 dilution of either rabbit anti-PLD1 or rabbit anti-PLD2 IgG antibodies (Santa Cruz Biotechnology) in blocking buffer for 4 h at room temperature, washed as described above, and then incubated with a 1:200 dilution of goat anti-rabbit TRITC IgG antibodies in blocking buffer for 1 h at room temperature, washed again as previously stated, and then incubated in a 1:2000 dilution of DAPI in PBS for 5 min at room temperature.
Immunofluorescence Microscopy-For detection of YFPtagged PLD2 and polymerized actin ( Fig. 3 ), we used an excitation filter of 490 -510 nm, a dichroic mirror of 515 nm, and an emission filter of 520 -550 nm (excitation/emission maxima of YFP are 512 and 529 nm, respectively). Actin was detected using phalloidin-AlexaFluor350 staining (as described above) viewed under a filter set with an excitation filter of 426 -446 nm, a dichroic mirror of 455 nm, and an emission filter of 460 -500 nm (excitation/emission maxima of CFP are 433 and 475 nm, respectively). In selected experiments, images of macrophages were acquired in a DeltaVision RT system (Applied Precision, Issaquah, WA) fitted with CFP and YFP filter sets for multichannel imaging and high resolution ϫ60 oil immersion objective.
Immunoprecipitation, SDS-PAGE, and Western Blot Analyses-After transfection, cells were harvested and lysed with special lysis buffer (5 mM HEPES, pH 7.8, 100 M sodium orthovanadate, and 0.1% Triton X-100). The lysates were sonicated, and the presence of overexpressed protein was confirmed by performing SDS-PAGE and Western blot analysis. For immunoprecipitation, the cell lysates were treated with 1 l of monoclonal antibody specific for the respective protein of interest (␣-HA IgG for HA-tagged PLD2 or ␣-actin IgG for actin) and 10 l of agarose beads (Millipore, Billerica, MA) and incubated at 4°C for 4 h. After incubation, the immunoprecipitates were washed with LiCl wash buffer (2.1% LiCl, 1.6% Tris-HCl, pH 7.4) and NaCl wash buffer (0.6% NaCl, 0.16% Tris-HCl, 0.03% EDTA, pH 7.4), respectively, and sedimented at 12,000 ϫ g for 1 min. The resulting pellets were then analyzed using SDS-PAGE and Western blot analyses onto PVDF membranes that were probed for reactivity with either rabbit ␣-HA IgG for HAtagged PLD2 or rabbit ␣-actin IgG for actin and subsequent goat anti-rabbit HRP IgG antibodies (all from Cell Signaling, Danvers, MA). Enhanced ECL reagents and autoradiography were used to detect immunoreactivities.
Protein-Lipid Binding Assay-The method for preparing and detecting protein-lipid binding has been described previously (24) . Briefly, increasing concentrations of either DOPA or 1,2dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids from Avanti Polar Lipids (Alabaster, AL) were spotted onto a PVDF membrane. DOPA or DOPC was dissolved in a 2.0:1.0:0.8 ratio solution of MeOH/CHCl 3 /H 2 O. Appropriate amounts of lipid ranging from 1 to 30 g were spotted onto the membrane. The membrane was blocked overnight with a 3% fatty acid-free BSA solution. The membrane was then incubated overnight with recombinant Arp3 (50 nM). After protein incubation, the membrane was incubated overnight with a rabbit ␣-Arp3 IgG antibody. The membrane was then incubated with a goat anti-rabbit HRP IgG antibody, and the interaction was detected using chemiluminescence. Between incubation steps, the membrane was washed extensively with TBS-T.
Actin Polymerization Assay-A pyrene actin polymerization assay was used (25) . RAW264.7/LR5 cells were either transfected with expression plasmids pcDNA-mycPLD2 or pcDNA-HAPLD1 for 2 days or treated with PA for 10 min prior to harvesting. The PA was prepared in 0.5% fatty acid-free BSA in PBS and sonicated to obtain unilamellar vesicles (20) . BSA was used as the lipid carrier (21, 22) . Cells were sonicated in actin lysis buffer (20 mM Tris-HCl, 20 mM NaCl, and 768 nM aprotinin). Ten l of cell lysates were added to 85 l of pyrenelabeled actin-containing buffer, which was purchased as a kit (BK003) from Cytoskeleton, Inc. (Denver, CO). Ten l of actin polymerization buffer was added to the reaction for a final total volume of 105 l. Actin polymerization was measured for 12 min at 30-s intervals at an excitation of 350 -360 nm with a bandwidth of 20 nm and an emission of 401-411 nm with a bandwidth of 10 nm in a TECAN Safire2 at room temperature. An in vitro actin polymerization assay was performed as outlined in the manufacturer's instructions (Cytoskeleton) except that the protein of interest (Arp3) was incubated with increasing concentrations of PA for 10 min prior to beginning the assay. The Arp3 recombinant protein was from Novus Biologicals (Littleton, CO).
Statistical Analysis-Data are presented as the mean Ϯ S.E. The difference between means was assessed by the single factor analysis of variance (ANOVA) test. Probability of p Ͻ 0.05 was considered to indicate a significant difference.
RESULTS
Adhesion Enhances the Kinetics of PLD1 and PLD2 Activities and Vice Versa-M-CSF at 3 nM concentration was found to be an excellent agonist for the study of RAW264.7/LR5 macrophage cell adhesion to collagen-coated microscope coverslips when compared with non-stimulated control cells (Fig. 1A) .
Macrophages that were fixed to the collagen-coated coverslips and subsequently stained with crystal violet were visualized using bright field microscopy favored a bell-shaped curve dur- OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 28887 ing adhesion that was both time-and agonist-dependent ( Fig. 1 , B and C). We found 30 -60-min adhesion and 5 nM M-CSF to be optimal for chemoattractant-mediated adhesion of RAW264.7/LR5 macrophages alone in the absence of protein overexpression. Next, we measured the effect of agonist-mediated adhesion on the endogenous PLD activity of RAW264.7/ LR5 macrophages and found that a variety of different macrophage agonists significantly increased PLD activity when compared with the mock-treated cells (Fig. 1D ). Cells attached to several extracellular matrix proteins had increased PLD activity to varying degrees, with collagen being the highest (Fig. 1E ). Because collagen coating yielded a greater increase in endogenous PLD activity of macrophages, we continued to use this matrix as our adhesion substrate in subsequent experiments.
Molecular Basis of PLD Cell Adhesion
Having observed that adhesion promoted an enhancement in PLD activity, we found that small molecule inhibitors specific for PLD1, PLD2, or both isoforms were effective in abrogating adhesion of RAW264.7/LR5 macrophages to collagen-coated surfaces ( Fig. 2A) . The dual PLD1/2 inhibitor FIPI, the PLD1specific inhibitor NCDOB, and the PLD2-specific inhibitor NFOT reduced cell adhesion to collagen-coated substrates by 60 -75% at 300 nM concentrations. Macrophages that overexpressed either PLD1 or PLD2 adhered more quickly to the col-lagen-coated substrate when compared with mock-transfected macrophages (Fig. 2B ).
Further, when comparing both isoforms among themselves, PLD1 activity preceded that of PLD2. The kinetics experiments indicated that a rapid (t1 ⁄ 2 ϭ 4 min) and transient activation of the PLD1 isoform occurred upon adhesion of macrophages, and a slower (t1 ⁄ 2 ϭ 7.5 min) but more prolonged (Ͼ30 min) activation occurred for PLD2 ( Fig. 2B ). Cells that overexpressed mock, PLD1, or PLD2 were allowed to remain in suspension in or adhere to microcentrifuge tubes for up to 30 min, at which point cells were harvested, and lysates were prepared for use in lipase assays.
As shown in Fig. 2C , overexpression of PLD2 increased ϳ2.5fold the lipase activity from adhered cells when compared with PLD2-overexpressing suspension cells, which were similar in lipase activity to basal conditions, whereas overexpression of PLD1 did not yield a significant increase in PLD activity. Furthermore, lysates from macrophages cells that overexpressed either PLD1 or PLD2 and were immunoprecipitated using antibodies specific to either the Myc tag on PLD2 or the HA tag on PLD2 had significantly higher PLD activity when compared with the mock-transfected macrophages, and more importantly, PLD1 activity preceded that of PLD2 (Fig. 2D) . These data indicate that cell adhesion to solid substrates is posi- tively affected by these phospholipases and that PLD overexpression increased adhesion, such that PLD and adhesion are interrelated.
PLD and Actin Interact during Adhesion and Enhance Actin Polymerization-Having observed that adhesion promoted enhanced PLD1 and PLD2 activities and vice versa ( Figs. 1 and  2) , we determined whether PLD activity affected adhesion dynamics via a direct interaction with actin, which is intrinsically linked to adhesion. Using macrophages that overexpressed either PLD1 or PLD2 that were then allowed to adhere to collagen-coated substrates in the presence of M-CSF, we observed numerous focal adhesion points around the cell membrane for both PLD1 and PLD2 that were enriched with poly-merized actin (white arrowheads), as detected using a TRITClabeled antibody specific for phalloidin in fixed cells (Fig. 3A) .
We observed that this effect occurred as soon as cells were positioned over the solid substrate (Ͻ5 min). A similar effect was observed in macrophages that detected YFP-tagged PLD2 and phalloidin-AlexaFluor350-tagged actin in living cells (Fig.  3B) . Additionally, we observed that PLD2 and actin form a protein-protein interaction using co-immunoprecipitation ( Fig.  3C ) and that increased PLD overexpression (either PLD1 or PLD2) also positively affected polymerization of actin using a pyrene-based assay (Fig. 3D ).
In the case of overexpressed PLD and actin polymerization, we noticed that the slope in the linear portion of the graph that FIGURE 2. Effect of mammalian PLD isoforms (PLD1 and PLD2) on cell adhesion. A, functional effect of PLD inhibitors on cell adhesion. RAW264.7/LR5 macrophages were incubated in the presence of increasing concentrations of three different PLD-specific small molecule inhibitors for 20 min and were then used for adhesion experiments. B, effect of PLD overexpression on cell adhesion. Macrophages were mock-transfected or transfected with 2 g of either a PLD1 or a PLD2 plasmid DNA. Forty-eight h post-transfection, cells were used for adhesion assays in the presence of 5 nM M-CSF for increasing periods of time. C, macrophages that overexpressed mock, PLD1, or PLD2 were used for PLD activity assay using cells that were allowed to remain in suspension or incubated in the presence of 5 nM M-CSF and allowed to adhere in microcentrifuge tubes for up to 30 min. Lysates were prepared and used for the PLD assay as detailed under "Methods and Materials." D, macrophages that were allowed to adhere to collagen-coated surfaces were used to prepare cell lysates that were then immunoprecipitated using antibodies specific to either the HA tag on PLD1 or the Myc tag on PLD2. Immunoprecipitates were then used for the PLD activity assay. Experiments were performed in triplicate for at least three independent sets in total (n ϭ 9). Results are mean Ϯ S.E. (error bars) (calculated between independent experiments) and are expressed in terms of the number of cells adhered or, for PLD activity, in terms of dpm/mg of protein. *, statistically significant (p Ͻ 0.05) ANOVA increases between samples and controls. OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 28889 corresponded to early time points (Ͻ10 min) increased in the following manner: PLD2 Ͼ PLD1 Ͼ mock (Fig. 3D ). Collectively, data presented in Fig. 3 indicate a robust effect of PLD overexpression on the kinetics of actin polymerization because this parameter is key to the establishment of adhesions to surfaces.
PLD-produced PA Is a Requirement for Macrophage Adhesion, Which Changes the Kinetics of Actin Nucleation-Next, we determined whether the presence of the product of the PLD reaction, PA, was sufficient to mediate cell adhesion. In macrophages that overexpressed the lipase-dead PLD1 mutant (K866R) or lipase-dead PLD2 mutant (PLD2-K758R), both incapable of producing PA, adhesion was significantly decreased compared with that of macrophages that overexpressed the lipase-active PLD1-WT or lipase-active PLD2-WT (Fig. 4A ). Adhesion of macrophages that overexpressed wild-type PLD1 or PLD2 increased to ϳ2-fold greater than that of the overexpressed lipase-dead mutant PLDs. Further, macrophage adhesion increased notably in the presence of an increasing concentration of PA with a maximal level of adhesion achieved using ϳ100 -300 nM PA (Fig. 4B) , and the kinetics of adhesion was substantially changed by the presence of PA (compare t1 ⁄ 2 of 3.2 min versus 2.5 min in the presence of PA) ( Fig. 4C ). All of these data suggest that the enzymatic activity of PLD (i.e. the generation of PA) is necessary for macrophage adhesion.
PA Mediates Actin-based Adhesion of Several Immune Cells to Solid Surfaces-We next wanted to know whether the PLDderived PA enhancement of cell adhesion in macrophages would also extend to other innate immune cell types. First, we found that PA had a positive effect on human neutrophil adhesion and show in Fig. 4D that human neutrophils that were treated with PA had increased ruffle formation (right panel, white arrowheads) compared with non-treated control neutrophils (left panel). These panels suggest that adhesion of human neutrophils to a collagen-coated substrate was mediated by polymerized actin and PA when compared with PC-treated or control samples. Second, we found that PA had a positive effect on another macrophage cell line, differentiated THP-1 (Fig. 4 , E-G), whereby the maximal effect of increasing PA concentration on cell adhesion/contact focal formation of dTHP-1 cells occurred at ϳ100 nM PA for ϳ10 min (Fig. 4, F and G,  respectively) .
Last, preincubation of RAW 264.7/LR5 macrophages with exogenous PA for increasing lengths of time led to a significant increase in the slope of actin nucleation when cell lysates were assayed in vitro (Fig. 4, H and I) . Data presented in Fig. 4 suggest the importance of the product of the PLD reaction, PA, to the formation of polymerized actin at the time of macrophage adhesion. Additionally, the presence of PA resulted in an increase in the formation of membrane ruffling and adhesion foci that are involved in cell adhesion to suitable surfaces.
A Synergism between PA and Arp3 Increases Both Actin Polymerization and Adhesion-It is known that to initiate actin polymerization, small GTPases and Arp2/3 are recruited to the lamellipodia, which enables chemotaxis (26) . We wanted to know whether this was the case for the initial steps of cell adhesion to collagen-coated solid surfaces. As shown in Fig. 5, A and  B, inhibiting either Rac2 or Arp3 using specific small molecule inhibitors (EHT58 or CK-548, respectively) decreased adhesion by ϳ70 -80% (open circles), but this was reversed/partially prevented in the presence of PA (closed symbols) (note a 3-6-fold change in the IC 50 concentrations of the inhibitors with PA). This might be due to the ability of PA to negate the effect of inhibitors (CK-548 inserts into the hydrophobic core of Arp2/3).
We then focused our efforts on Arp3 action/function. This was because the difference between Rac2 inhibition and Arp3 inhibition (in the presence of PA), showed that PA had more of an effect on Arp3.
Macrophages that overexpressed both Arp3 and PLD2 adhered to collagen-coated substrates to a greater extent than cells that overexpressed only PLD1, PLD2, or Arp3 alone compared with mock-treated controls (Fig. 5C ). This positive effect on adhesion was also evidenced in a time-dependent manner in regard to Arp3 ϩ PLD2 (Fig. 5D ). Using immunofluorescence microscopy to detect PLD1 or PLD2 localization with Arp3 in macrophages, we detected that both Arp3 (green fluorescence) and PLD2 (red fluorescence) were both more intense in fluorescence at ϳ10 -15 min of adhesion and were co-localized (yellow fluorescence) together outside of the nucleus to cytoplasmic regions in the macrophages (Fig. 5F) , which we did not observe in macrophages that overexpressed both Arp3 and PLD1 (Fig. 5E ).
PA Binds Directly to Arp3-Although we have shown thus far that lipase-active PLD enhanced macrophage adhesion and that the product of the PLD reaction, PA, also mediated increased adhesion to collagen-coated surfaces (Fig. 4) and increased actin polymerization (Fig. 3) , we were not certain if PLD-derived PA directly controlled the positive effect of PLD2 on Arp3-mediated adhesion. We hypothesize that PA had to bind or alter a protein of the cell adhesion machinery. As explained in the Introduction, a chief protein would be the Arp2/3 complex. Therefore, we next determined to what extent FIGURE 3 . PLD positively interacts with and affects actin. A, RAW264.7/LR5 macrophages transfected with 2 g of PLD1 or PLD2 plasmid DNAs and 48 h post-transfection were adhered to collagen-coated coverslips in the presence of 5 nM M-CSF for 45 min. Specimens were then fluorescently labeled using a rabbit ␣-phalloidin-TRITC IgG antibody and DAPI. Representative immunofluorescence microscopic images (n ϭ 10) are presented showing the numerous points of macrophage attachment to the collagen-coated surface. B, macrophages were transfected with 2 g of YFP-PLD2 plasmid DNAs, and 48 h posttransfection, they were adhered to collagen-coated coverslips in the presence of 5 nM M-CSF for 45 min. Endogenous polymerized actin was detected in these cells using phalloidin-AlexaFluor350 staining. Shown is z-stack of representative immunofluorescence microscopy (n ϭ 8) of adherent macrophages that overexpressed YFP-PLD2 and phalloidin-AlexaFluor350-tagged actin. Actin-rich cell membrane adhesion contact points are shown with yellow arrowheads. C, RAW264.7/LR5 cells were mock-treated or transfected with 2 g of HA-PLD2. Forty-eight h post-transfection, cells were incubated in the presence of 5 nM M-CSF, and lysates were prepared that were then immunoprecipitated (I.P.) with the indicated antibodies. Resulting Western blots (W.B.) were probed with the indicated antibodies. Results shown are representative of 4 independent experiments performed in triplicate. D, effect of PLD overexpression on actin polymerization from cell lysates. Macrophages were transfected, and lysates were prepared as in A and used for the pyrene-based in vitro actin polymerization assay. The slope for each line is shown. Results are represented as mean relative fluorescence units (RFU) Ϯ S.E. (calculated between independent experiments) or three independent experiments performed in duplicate (n ϭ 6).
if any PA could interact with Arp3 and/or influence the action of Arp3.
First, in vitro actin polymerization was greatly enhanced by increasing concentrations of Arp3 protein and PA used in different combinations (Fig. 6, A and B) when compared with actin polymerization reactions that contained Arp3 alone or PA alone (Fig. 6, C and D) . Reactions that contained both Arp3 and PA polymerized actin much quicker and reached higher maximal relative fluorescence values than the samples that lacked Arp3 and/or PA. We then tested whether PA would bind . Effect of PA on adhesion and actin nucleation. A, macrophage adhesion was performed in the presence of PLD-WT or the lipase-inactive mutant of PLD (PLD-KR). RAW264.7/LR5 macrophages were untreated or transfected with 2 g of PLD1 or PLD2 plasmid DNAs and, 48 h post-transfection, were adhered to collagen-coated coverslips in the presence of 5 nM M-CSF for 45 min. B-I, macrophages were used for either adhesion to collagen-coated surfaces or actin polymerization assays in the absence or presence of 300 nM PA as a function of time. B, dose response of PA on macrophage adhesion. C, macrophage adhesion kinetics in the absence or the presence of 300 nM PA. D-F, PA enhances adhesion of other immune cells. D, human neutrophils in suspension were incubated in the presence or absence of either PC or PA and then adhered to collagen-coated glass coverslips, fixed, and stained with ␣-phalloidin-FITC IgG antibodies. White arrows, membrane ruffling (representative of n ϭ 8). E and F, adhered dTHP-1 cells were stained with ␣-phalloidin-TRITC to visualize polymerized actin and DAPI to visualize the nucleus. The effects of increasing PA concentration (F) or time (G) on cell adhesion/actin enrichment of dTHP-1 cells using collagen-coated coverslips are shown. D-G, immunofluorescence microscopy of n ϭ 8 representative fields. H and I, effect of PA on actin polymerization. RAW 264.7/LR5 macrophages were mock-treated or incubated in the presence of 300 nM PA for up to 15 min, and lysates were used for the measurement of actin polymerization in vitro. Experiments were performed in triplicate for at least three independent sets in total (n ϭ 9). Results are mean Ϯ S.E. (error bars) (calculated between independent experiments) and are expressed in terms of the number of cells adhered. * or #, statistically significant (p Ͻ 0.05) ANOVA increases or decreases, respectively, between samples and controls.
directly to Arp3 using a lipid-protein binding assay that measured Arp3 antibody immunoreactivity of Arp3 binding to PA that was prebound to a PVDF membrane and determined that this was indeed the case (Fig. 6E, top half of blot) . As a negative control, PC was not able to bind to Arp3 (Fig. 6E, bottom half of  blot) . Regarding the region where PA can possibly interact with Arp3, it is known that proteins that bind to PA do not contain a well defined recognition motif, and usually PA binds to the positively charged amino acid residues or surface-exposed hydrophobic residues or both (27) (28) (29) .
Additionally, using immunofluorescence microscopy of macrophages that overexpressed a PA sensor (pEGFP-Spo20- PABD-WT), which we have already successfully used and documented in the past (30, 31) , and Arp3, we observed that both PA and Arp3 co-localized around polymerized actin (Fig. 6F) . These data indicate that PA had a direct lipid-protein interaction with Arp3 that also localized to areas of polymerized actin in the adherent cell, and a synergism exists between the PLD catalytic reaction (PA) and Arp3 during actin polymerization, which is a necessary step for macrophage adhesion.
DISCUSSION
The original aim of this study was to discover new molecular targets for the lipid second messenger, PA, in cell signaling net- The interaction between Arp3 bound to PVDF-bound PA was detected using enhanced chemiluminescence with specific antibodies against Arp3. F, RAW264.7/LR5 macrophages were transfected with 1 g of PA sensor (pEGFP-Spo20-PABD-WT) and 1 g of Arp3 and, 48 h post-transfection, were used for adhesion to collagen-coated coverslips in the presence of 5 nM M-CSF for increasing time. Cells were fixed using paraformaldehyde, and proteins were visualized using the mCherry tag on Arp3, the GFP tag on the PA sensor, and phalloidin-AlexaFluor350 for polymerized actin for immunofluorescence microscopy. The images shown are representative of 10 individual fields.
works that could explain its effects in key cellular functions during leukocyte-mediated processes relevant to human health (embryological development, tissue repair, and immune surveillance/function) and pathology (vascular disease, chronic inflammatory diseases, and cancers), such as cell adhesion and migration (1) .
We present here the key involvement of PLD in regulating adhesion that is mediated by the binding of its enzymatic product, PA, to Arp3 protein, which leads to actin polymerization. The two PLD mammalian isoforms (PLD1 and PLD2) played a concerted role in enhancing adhesion at differential temporal levels that coincided with the sequential activation of the phospholipases. PLD1 was involved in accelerating the early onset of nascent adhesion (such as the stages found in acute inflammatory diseases), whereas PLD2 was found to prolong or maintain continued adhesion (such as the stages found in mature adhesion during chronic inflammation).
Therefore, adhesion is a necessary first step for rolling leukocytes in blood to anchor to the capillary beds around an inflamed or injured tissue. This adhesion is strong but reversible as leukocytes migrate through the capillary endothelial cells and abandon the blood by the process of diapedesis. The presence of PLD1/2 timing found here could play a role in these steps.
Further, when leukocytes fight the invading pathogen, they must again adhere and mount an effective attack with lytic enzymes and oxygen radicals. If the leukocytes were to remain at the site of inflammation for prolonged periods of time, then chronic inflammation would ensue. Understanding the role of PLD, which we found contributes to adhesion, would allow us to gain insight into how to stop/reverse this type of detrimental cellular process and reduce the occurrence of such inflammatory diseases.
In Fig. 7 , we propose a model that we believe explains cell contact and cell adhesion involving PLD, which is centered around a coordinated PLD/PA activity that receives cues from the solid substrate. The key events are as follows. (a) Adhesion of macrophages to collagen-covered plates activates both PLD1 and PLD2; in turn, these phospholipases regulate adhesion in a spatio-temporal way, leading to a prolonged and sustained cellular function. (b) Nascent adhesion (at ϳ5 min) and established (at ϳ15 min) adhesions are enhanced by PLD1 and PLD2, respectively. (c) Phosphatidic acid, a lipid second messenger, binds specifically to the Arp2/3 component Arp3. (d) PA-Arp3 binding leads to activation of Arp and subsequent actin polymerization and cell adhesion both in vitro and in vivo.
These findings advance our knowledge of actin polymerization and establish a new mechanism for it. The present study demonstrates that two signaling flows occur, albeit sequentially, and are related to PLD and its enzymatic reaction product, PA. PLD in concert with PA (32) plays a role during stress fiber formation (33) (34) (35) and microtubule bundling and organization (36) . Once PA is generated by PLD, phosphatidylinositol 4-phosphate 5-kinase I␥b is stimulated and generates phosphatidylinositol 4,5-bisphosphate (37) . PLD1 expression is increased during macrophage adhesion with a concomitant colocalization of PLD1 to actin in lamellipodia (38) , and phosphorylation of PLD occurs during integrin-induced cell spreading FIGURE 7 . Coordinated PLD activity that matches substrate output to adhesion progression. The key events are as follows. a, adhesion of macrophages to collagen-covered plates activates both PLD1 and PLD2; in turn, these phospholipases regulate adhesion in a spatio-temporal way, leading to a prolonged and sustained cellular function. b, nascent adhesion (at ϳ5 min) and established (at ϳ15 min) adhesions were enhanced by PLD1 and PLD2, respectively. c, phosphatidic acid, a lipid second messenger, bound specifically to the Arp2/3 component Arp3. d, PA-Arp3 binding led to activation of Arp and subsequent actin polymerization and cell adhesion both in vitro and in vivo. PLD1 activation upon adhesion of macrophages onto collagen-coated surface results in PA synthesis, which directly binds and activates Arp3 and subsequent actin polymerization. PLD2 is activated at slightly later times, albeit in a prolonged manner that sustains adhesion and membrane ruffle formation. We conclude that the initial activation of PLD by collagen occurs as a result of nascent adhesion, and then a PA-Arp3-actin pathway increases focal adhesion in mature or established adhesions. (39) . When PLD2 is enzymatically inactive, cell adhesion and migration are both inhibited with a concomitant decrease in cell elongation (40) . PLD is important for leukocyte migration (41, 42) .
In this study, PLD was found in fundamental ways to be implicated in cell adhesion. Our data have shown that the presence of PLD was conducive to both enhanced and prolonged activation of several motility molecules. The product of the PLD reaction, PA, was found to activate a component of the Arp2/3 complex to initiate actin nucleation, which is dependent on the presence of the PLD2 isoform. One component of the Arp2/3 complex bound to pre-existing actin filaments that were initially stimulated by PLD1-derived PA and formed a functional and dynamic actin-mediated attachment of cells to collagen-coated surfaces.
The spatial temporal interactions between PLD1 and PLD2, described here for the first time, enable a smooth transition from cell adhesion and tissues, establishment of cell polarity, and the initiation of chemotaxis during inflammation. PLD is a necessary target to be considered if one wants to clinically ameliorate chronic inflammation. In view of this report, PLD should now be considered a bona fide target to devise new pharmaceutical inhibitors to its enzymatic activity to avoid untoward effects of inflammation.
